In this study, we develop a small pressure-sensor-driven round bar grip measurement device called DataGrip and construct the prototype system for infants, who have small fingers. DataGrip is made up of a round bar wrapped with a silicone tube that consists of up-and-down grip shafts. Two small pressure sensors between the grip shafts can measure perpendicularly oriented loads. We display the quantitative load applied to the system. On the basis of the measurement results, the effectiveness of the system in terms of load measurement is evaluated. Further, we examine the results of longitudinal measurement of an infant's grip by using the system. We find that grip strength increases with physical development, i.e., increases in height and weight.
INTRODUCTION
Newborn baby grip first appears as an innate reflex movement in response to external stimulation immediately after parturition ( Figure 1 ). The grasp reflex, in which the newborn baby's hand and fingers close and grip when touched on the palm, is an important primitive reflex for adaptation to the outside world and is closely related to neurological development. For this reason, the grasp reflex is assessed by physicians in mother interviews and by palpation to evaluate motion development in newborns and infants. It also has an educational function for infant play involving contact with toys, and for development of the fine motion skills of grasping, holding, and pinching by the hand and fingers. Traditionally, based on subjective observations of an infant's actions, the mother provides the infant with toys that invite the maximum degree of hand and finger movement. For people of all ages, grip plays an essential role in daily life, sports, and other activities, and it is therefore utilized as an important measure of muscle strength in national health surveys for children in elementary schools and higher, as well as in infant child surveys [1] - [3] . At this time, however, no studies have been found to focus on measurement of the grip strength exhibited by infants and the related developmental changes. This is attributable in large part to the difficulty of measuring the grip of small infant hands with conventional hand dynamometer ( Figure 2 [4] ), which is based on the relation between spring extension and applied force. Development of a practical, effective system for the measurement of infant grip characteristics would provide a means for objective assessment of infant motion development and the fine motion skills of the hand and fingers and their utilization by infants in grasping and holding.
In this study, we propose a small pressure-sensor-driven round bar device called DataGrip for measurement of infants grip and develop the prototype system. DataGrip is made up of a round bar wrapped with a silicone tube that consists of up-and-down grip shafts. Two small pressure sensors between the grip shafts can measure perpendicularly oriented loads. We display quantitative load to the system. On the basis of the measurement results, the effectiveness of the system from the viewpoint of load Fig.1 Grip strength of newborn baby. measurement is evaluated. Further, we do longitudinal measurement of infant grip by using the system. An example of increase of grip strength with physical growth from the viewpoint of increase of height and weight is obtained.
DEVELOPMENT OF A SMALL PRESSURE-SENSOR-DRIVEN ROUND BAR
GRIP MEASUREMENT SYSTEM 2.1 System Overview As shown schematically in Figure 3 , the system is composed of a round bar grip measurement device called DataGrip containing two small pressure sensors, a sensor interface (PCD-300A; Kyowa Electronic Instruments Co., Ltd.), and a personal computer (PC) running Windows 98. When a load is applied in the central portion of the pressure-sensitive region of the bar, the effect of the load can be measured with the bar held in any orientation. The sensor interface includes a strain-gauge transducer that enables expression of the measurement in terms of force, pressure, acceleration, or displacement. The DataGrip pressure is input to the sensor interface as analog voltage from the two small pressure sensors via a shielded cable, and the interface is connected to the PC by a USB cable. The strain data from the sensors are converted to pressure [MPa] by control software (PCD-30A; Kyowa) supplied by the sensor interface and installed on the PC. The sampling frequency is 1 KHz. The control software stores the pressure measurements in an Excel (Microsoft) file format.
Structure of the DataGrip
As shown by its structure and appearance in Figures 4 and 5, respectively, the DataGrip is a cylindrical bar 15 mm in overall diameter, 75 mm long, and weighs 50 g. The aluminum round bar (φ12) consists of up-and-down grip shafts. A silicone tube (φ15×φ12) encases the entire pressure-sensitive span of 50 mm. To measure the grip strength, the hand grasps the round bar wrapped with silicone tube. Two small pressure sensors (PS-10KC, Kyowa) of 6 mm diameter are bonded between up-and-down grip shafts with a special adhesive (RC-19, Kyowa). The sensor cable of the pressure sensors passes through a slot in the down shaft to a component base attached to the down grip shaft. The signal lines of the sensor cable are connected at the base to a shielded cable clamped to the same shaft. Mechanical failsafe measures to ensure DataGrip safety include the use of medically certified silicone tubing as a hygienic measure, since oral contact by the infant is very possible. The sensor and shielded cable connections are protected by an aluminum shield covering the base to prevent disconnection by hand contact.
PERFORMANCE OF THE DATAGRIP
For basic assessment of DataGrip performance, a load was applied to the DataGrip by a weight suspended by a string from the center of the DataGrip pressure-sensitive span. Figure 6 shows the relation between the applied load and the average pressure on each sensor. The DataGrip measures the mean pressure per sensor exerted by the applied load. The relation between the mean pressure [MPa] and the applied load [kgf] is shown in equation (1) . The results of this experiment showed the DataGrip is capable of measurements up to a mean pressure of 1 MPa (rated capacity) with an applied load of 5.78 kgf (maximum rated load). Figure 7 shows the results of the normalized mean pressure measurement with applied loads by weights 1, 2, and 3 kgf. This figure shows a good linear relation between the applied load and the mean sensor pressure, and thus confirmed the basic effectiveness of the system for applied load measurement. Greater measurement accuracy may be expected by the calibration curve produced from actual infant grip loads [5] .
LONGITUDINAL EVALUATION OF INFANT GRIP MEASUREMENT

Experimental Method
A longitudinal experiment was performed with the focus on the level of infant grip strength and developmental changes. It has generally been noted that the maximum grip strength increases with physical development, which is measured by height and weight. In this experiment, we investigated this relation in infants during their first 6 months, during which manual dexterity generally progresses to a high level. In the experiment, we first confirmed the action of the gripping force on the DataGrip by pressing the DataGrip on the infant's palm and visually observing the resulting waveform produced by the control software. The waveform showed that the direction of the resulting force on the DataGrip was in accord with that of the load applied in the calibration experiment. The grip measurement was then performed by researchers manually shaking the DataGrip firmly in vertical and horizontal reciprocating movements while it was held by the infant (Figure 8 ). The purpose of the shaking was to elicit a reflexive tightening of the infant's grip on the device. A key assumption in this experiment was that the measured values would reflect the maximum possible effort by the infant, because an infant, unlike an adult, cannot comprehend and follow an instruction to exert such effort. It was for this reason that the researchers shook the device to elicit the infant's effort. This procedure was repeated several times while measuring the dynamic characteristics of the applied grip, and the maximum reproducible value found in these repetitions was assumed to represent the maximum possible exertion by the infant and thus the full grip strength. The repetition was performed first for the infant's right hand until the infant no longer grasped the DataGrip, and then performed similarly for the left hand. The maximum grip value found for the right and left hands was taken as the infant's grip strength. In accordance with the general convention for hand dynamometers, the mean pressure measurement by the DataGrip P [MPa] in SI units was converted to engineering units W [kgf] by equation (1) . The measured values of infant height and weight were those recorded in the monthly mother-and-child health check logbooks by the attending physician, maternity nurse, public health nurse, or nutritionist. The subjects in this experiment were seven female infants. One is shown grasping the DataGrip, in Figure 9 . Figure 10 shows the developmental changes in height, weight, and measured grip for one of the subjects. In general, a infant's grip may involve either reflexive or voluntary action, and the grip reflex usually disappears by the age of 3 to 4 months. In the experiment, it was possible to distinguish between the reflexive and the voluntary grip by the dynamic characteristics of the grip strength measured with the DataGrip. In the reflex action, a tightened grip on the DataGrip was followed by a state of constant grip exertion. In the voluntary action, in contrast, a state of repeated strengthening and weakening in the grip was observed. The reflex action was observed in the subjects of the present experiment at ages of 0 to 1 month. The measurements of this reflex action showed a grip of 0.35 kgf at 0 month and 0.4 kgf at 1 month. The subjects were observed to grasp rattles at approximately 2 months of age, achieve head and neck stabilization and assume postures of back and limb flexure at approximately 3 months, and to achieve hand and eye coordination together with other prominent voluntary actions at approximately 4 to 6 months. The grip measurements tended to rise sharply with the onset of these voluntary actions. Figure 11 shows the mean grip strength and standard deviation of the seven subjects at age 2 to 3 months (58.3±1.8 cm height, 5.7±0.6 kg weight) and 5 to 6 months (65.6±2.2 cm height, 7.4±0.8 kg weight). A difference at a Fig.8 Definition of infant's grip strength. significance level of 1% was found by the paired t-test between grip strength measured at age 2 to 3 months and that measured at age 5 to 6 months for the same subjects. The longitudinal experiment performed to evaluate the capability of the DataGrip system to measure infant grip showed that the system developed for this purpose yielded actual instances in which the measurement results clearly suggest that infant grip strength increases in correspondence with physical development, which was represented by the measurements of infant height and weight in periodic health checkups. It is expected that measurements for a larger number of infants and statistical analyses of the developmental changes in their measured grip strength will yield curves providing a useful indicator of motion development, in addition to the developmental changes such as height and weight [6] .
Experimental Results
CONCLUSION
We developed a small pressure-sensor-driven round bar grip measurement device called DataGrip and constructed the prototype system for infants, who have small fingers. DataGrip is composed of a grip measurement bar containing two small pressure sensors. For basic assessment of DataGrip performance, we applied the quantitative load to the DataGrip by a weight. On the basis of the measurement results, it showed a good linear relation between the applied load and the mean sensor pressure, and the effectiveness of the system for applied load measurement was evaluated. Further, we examined the results of longitudinal measurement of an infant's grip by using the system. We found that infant grip strength increased in correspondence with physical development, which was represented by the measurements of infant height and weight in periodic health checkups.
In the future, we will try to evaluate curves providing a useful indicator of motion development and right-and-left difference of infant grip strength by using the system.
